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svirvivability,  I  hope  that  the  information  contained  in  this  report 

/’ 

v^lll  lead  to  further  research  and  development  in  the  area  of  fuel  cell 

i  ■  ■" 
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Abo tract 

When  a  full,  or  partially  full,  aircraft  fuel  tank  is  penetrated 
by  a  high  velocity  projectile,  a  phenomenon  known  aa  hydraulic  ram 
effect,  created  by  the  passage  of  the  projectile  through  the  fluid, 
often  causes  massive  damage  to  the  tank.  This  study  was  conducted  to 
continue  experimental  investigation  of  the  attenuation  of  the  hydraulic 
ram  effect  through  addition  of  a  gas  to  a  fuel-foam  mixture. 

The  tests  were  conducted  using  two  types  of  projectile  in. 
steel  spheres  and  0.50  caliber  ogival  projectiles)  which  were  fired 
into  a  test  tank.  The  tank  was  filled  first  with  water  and  then  a 
water/Pnoumcel  mixture.  Pour  pressure  transducers  were  located  in 
the  back  wall  of  the  tank  and  two  nroosure  transducers  were  located 
inuade  the  tank  to  measure  the  proosure  pulses. 

The  initial  pressure  pulse  caused  by  the  projectile  moving  throu  h 
the  water  aJ.ono  was  measured  during  the  first  series  of  toots.  A 
significant  reduction  in  this  pressure  was  noted  during  the  second 
series  in  which  the  water/Pneumacel  mixture  was  used.  It  was  also  f  >und 
that  a  projectile  muring  through  the  fluid  creates  a  cavity  In  ito  v  tko. 
Whon  the  cavity  collapses,  a  pressure  wave  is  generated.  The  oavity 
created  by  the  paern.go  of  the  spheres  through  the  fluid  was  small  and 
the  preseure  wave  generated  by  its  collapse  woo  insignificant  when  com¬ 
pared  to  the  initial  preuauro  wave,  However,  the  pressure  wave  oreated 
by  tho  oollapse  of  the  cavity  behind  the  ogival  projectile  wan  approxi¬ 
mately  the  cam  magnitude  ns  the  initial  erasure  wave.  It  appears  that 
this  second  pressure  wave  may  be  a  major  contributor  to  nv»H«ivo  fuel 
tank  dnmago.  During  tho  second  series  cf  tents  (wnter/Pncumacol  mixture), 
thin  pressure  wave  wan  significantly  reduced. 

vii 
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AN  EKPFR  T  WWA L  3"  (TOY  OP 
Al'PFi'IUATJ ON  OP  SHOCK  WAVES 
IN  AIRCRAFT  FUEL  TANKS 

I .  Introduction 

Background 

In  recent  years,  a  great  deal  of  work  has  been  accomplished  in 
the  area  of  aircraft-  fuel  tank  (or  fuel  cell)  survivability.  Reticu¬ 
lated  polyurethane  foam  has  been  developed  and  placed  in  fuel  cells 
to  reduce  the  possibility  of  fire  or  explosion  if  the  empty,  or 
partially  empty,  fuel  cell  is  strucK  with  an  incendiary  bullet. 
Self-sealing  bladders  have  also  been  developed  to  seal  a  small  fuel 
cell  rupture. 

Hovjover,  during  development  and  testing  of  these  fuel  cell 
survivability  devices  it  was  discovered  that  a  full,  or  nearly 
full,  fuel  coll  was  susceptible  to  massive  damage  wh=.,  >  struck  by  a 
high  velocity  projectile,  ..pcH  calibor  i.i.e,,  0.‘>O  w«r) 

projectiles  caused  such  extensive  damage  that  the  Self-Healing  fuel 
cell  bladdors  were  unable  to  seal  the  rupture. 

Such  a  massive  failure  cun  lead  to  never.. 1  mode  a  of  aircraft 
kill.  Fuel  starvation  if  a  main  tank  is  runturod,  fire  or  Heeorsdary 
explosion  within  the  aircraft,  or  damage  to  critical  aircraft  systems 
are  all  possible  if  a  severe  fuel  cell  rupture  is  present. 

Hydraulic  Ham  Effect.  The  phenomenon  which  caused  thin  mUHaivo 
rupture  of  the  fuel  cell  is  the  hydraulic  ram  effect.  The  hydraulic) 
ram  effect  is  actually  a  series  of  events  which  ure  related  and,  in 
actual  occurrence,  overlap  each  other.  St.aberg  an...  Nri:i»-ow  (Ref  b), 
the  Northrop  Corporation  (Ref  5)i  and  Bristow  (Ref  2)  agree  that  there 
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art)  f>  basic  events:  (l,  tne  shook  wave  gimorated  by  thu  projectile 
initially  penetrating  tho  front  wail  of  tno  fuel  call,  (?)  the  contin¬ 
uous  generation  of  a  pressure  field  an  the  projectile  pouflflu  through 
the  fluid,  (3)  thu  pressure  rise  oiiuaod  by  tho  tumbling  of  th«  pro, loo- 
tile,  (4)  tho  build-up  of  pressure  on  the  back  wall  as  tho  projectile 
approaches  the  wall,  (5)  the  creation  and  collapse  of  a  largo  oavity 
behind  the  projectile. 

Some  analytic  studies  of  tho  hydraulio  ram  effect  have  been  per¬ 
formed.  Soaberg  and  Bristow  (Ref  6)  analysed  tho  offoot  using  simple 
drag  theory  and  energy  transfer  theory.  While  thio  approach  was 
adequate  to  model  the  passage  of  the  pro joe  tile  through  the  f  luid, 
it  was  too  simple  to  completely  describe  the  other  interrelated  effects 
of  the  hydraulic  ram.  AT'. arson  (Ref  l)  used  a  blast  \\/av«>  theory  to 
approximate  the  peak  pressure  within  the  fluid  and  a  rigid-plastic  plate 
theory  to  analyze  tho  exit  wall  region  of  the  ttuk.  However,  if  each 
event  is  analyzed  individually,  a  cjossible  synergistic  1. t'foat  duo  to 
the  complex  interplay  of  the  various  hydraulic  ram  effects  is  lost. 

Other  studies  that  havo  been  performed  have  used  an  experimental 
trial-and-error  approach.  In  moat  casus,  understanding  the  hydraulic 
ram  effect  from  a  macroscopio  view  and  deteminir  0  what  could  be 
done  to  reduce  the  effect  were  the  goals  of  the  experiments.  Stepka 
(Ref  7)  conducted  some  experiments  with  high  velocity  projectile 
impacts  of  a  water  filled  tank.  This  study  was  performed  during  1965 
and  was  conducted  to  understand  and  measure  the  basic  hydraulio  ram 
effect.  Northrop  (Ref  5)  also  conducted  hydraulic  ram  studies,  but 
these  were  accomplished  to  provide  specific  information  for  construction 
of  a  fuel  cell  which  would  withstand  the  ram  under  certain  conditions. 
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tiA/to'/'ty  s 

Tn  WinU'pu  (Nut'  ill  ov*uduwt»d  i\  nfutty  of  thy  IvydmuUo  i*AM 

effect,  na  v  thwaia  project  for  the  Air  Knrow  tnutttuto  of  Tnohnnlogy, 

Then  in  Clark  (Hof  $)  attempted  to  obtain  acme  baaeLlne  <lAt* 

on  the  hydmulio  ram  of  foot  He  conducted  experimental  teats  in  whioh  a 

hydraulic  mm  wan  generated  by  firing  *,  inoh  npherioal  balls  at  high 
(2700  ft  per  second)  velocity  into  a  £  foot  vat or* filled  tank.  The 
preeaure  field  generated  by  the  paaaaao  of  the  apherea  through  the  water  vma 
inottoxn'od.  Then,  having  obtained  a  known  elaba  base,  Clark  attempted  to  atten¬ 
uate  tho  oho  ok  wnvoa  by  using  a  known  quantity  of  goo  dt opera,  niroughout 

the  watar,  The  results  were  encouraging  and  further*  tooting  was  recommended. 
Punpono  /mc\  Mqono,  The  purpoaa  of  this  atudy  w?\d  to  further  investigate  the 
attenuation  of  the  hydraulic  miu  affect  by  use  of  a  known  quantity  of  gua 
diaporaed  throughout  tho  fuel  call,  Clark  (Hof  i)  un^d  only  s  inch  spherical 
ballu  aa  projootiloe  to  nlimln&to  any  variation  in  data  due  to  tho  possible 
tumbling  of  an  ok1'^!  pm.1eot.llo.  All  pressure  r  coding  a  wore  from  off  center¬ 
line  locations  because  a  ffpimrionl  ohook  van  assumed. 

Aa  a  projectile  moves  through  a  fluid,  it  continually  genera too  a 
prcacuro  field.  It  has  been  ounjeoburod  that  au  the  projectile  approaches 
the  back  wall,  this  field  rail  t  build  up,  causing  o  high  pleasure  just 
prior  to  impact.  For  this  reason,  pressure  reodinga  in  the  present  atudy 
were  taken  at  the  back  wall  as  close  aa  possible  to  the  impact  point.  Also, 
a  pressure  wave,  generated  by  the  collapse  of  the  oavlty  created  by  the 
passage  of  the  projectile  through  the  fluid,  impaots  tue  ftont  and  rear 
walla  which  have  been  weakened  by  the  pasoage  of  the  projectile  through  thp 
tank,  It  la  expected  that  this  pressure  wave  may  bo  a  major  contributor 
to  tank  wall  failure.  Therefore,  gages  were  alao  placed  lh  the  tank 
interior  aa  close  to  centerline  as  possible  in  order  to  measure  thq 

»4 

pressure  generated  by  the  oavity  oollapae, 


1'ltg  experiment  wa«  divided  into  two  .wrioa.  '!'hu  firwt  «ori«u  uwed 
&ro,|fti>ti!Uo  impaotina  a  tank  filiwd  with  water  to  mjUbliah  *  data  ban®  and 
to  compare  dat*  with  previ  mu  remilta.  The  ucmond  need  ft  water/foai"  mixture 
to  attenuate  thw  hydraulic)  ram  effect.  Ikoh  toot  atu'iea  used  both  aphttriont 
and  oftivat  prodeotUee. 

An  additional  experiment  wan  carried  out  during  the  ft  rat  aerioa  of 
teats,  FHjur  blow-out  plup.a  were  piaoed  in  the  rafts*  mil  and  attempt®  wer« 
made  to  determine  thu  velocity  with  which  thaae  piutfn  wort  ajoofcodu  It  w*» 
raaeonod  tlwt  the  praaaura  wave  would  Impintfo  on  the  p.iu#o  and  the  impulsive 
ferae  could  bo  moaaured  throur.h  a  foroo/momontm  oxelumrco.  Calculations  for 
thlu  oxchanne  onn  bo  found  in  Appendix  ft. 
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n.  Jtoiy^tHKAtol  Aw&ES&ift 


Water  was  the  target  material  uned  during  the  first  «eri«»  of  teats. 
Testing  with  water  yielded  result,**  which  fo*mmd  a  baeoUne  both  IV  v  eompariaon 
with  teat  data  from  previous  experiment**  and  fo»K  evaluation  of  the  shock 
attenuation  of  the  mixture. 

I  The  target  material  used  in  the  second  aeries  of  teats  vma  a 

\ 

|  water, 'Tneumacel  mixture.  Pneumaoel  is  a  multi-fibor,  Dacron  arterial 

commercially  produced  by  the  Du  Pont  Con\pany  aa  carpet  pudding.  Pneuwiool 
waa  selected  by  Clark  (Uof  "5,  8)  during  his  experiment  a  in  shook  attenu- 
|  ation  because  it  ia  an  open  fiber  material  which  oon tains  a  controlled 

|  amount  of  ;ias.  PneuitaAoei  Is  not  particularly  recommended  for  use  in 

|  fool  •'eUs.  For  one  reason*  petroleum  products  will  dissolve  the  bond- 

|  ing  agent  used  to  hold  the  Pneumaoel  together.  For  another,  Pneunvaoal 

{  reduced  the  available  volume  of  the  test  tank  by  i£$,  compared  with  a  tank 

F  ( 

I  roduution  of  7$  for  reticulated  polyurethane  firc-retnident  foam.  In¬ 

formation  concerning  tile  physical  properties  of  Pneumaoel  can  bo  found 
in  Appendix  A. 


to&Efi&aa 

The  experiment  wat  conducted  in  the  Air  Force  Flight  Dynamic a 
Laboratory  (AFFDL),  Oun  Kang©  Number  1.  In  order  to  establish  a  base¬ 
line  against  whioh  previous  experimental  data  oould  be  oompared,  the 
initial  shots  in  each  of  the  two  series .(water  alone  as  a  target 
material  and  water/Pneumaoel  as  a  target  material)  wore  conducted 
uoing  ^  in*  steel  balls  as  projectiles.  The  final  shots  irt  each  series 
were  conducted  using  standard  0,$0  caliber  ogival  projectiles.  Figure  1 
shows  the  general  layout  Of  the, principal  components  of  the  teat 
apparatus*  (i)  the  gun  mount,  (£)  the  projeotile  velooity  measuring 
system,  (3)  the  oooillosoope  triggering  system,  (4)  the  target, 

(5)  tile  plug  velocity  measuring  system. 

■5 


General  Apparatus  Layout 
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The  gun  used  in  tho  initial  shots  of  each  series  was  a  smooth-bore 
0.50-oaXiber,  teat,  barrel  attached  to  a  Frankfort!  mount.  The  test 
barrel  was  93&  in.  lone  and  the  aetual  boro  was  0.502  in.  in  diameter* 
The  projectiles  were  standard  ^  in.  stainleeo  steel  ball  bearings* 

All  bearings  were  0*49?  in.  in  diameter  and  weighed  129*1  grains. 

The  gun  used  in  the  final  shots  of  each  series  was  a  rifled-.bore, 
0,50-oaliber,  test  barrel  mounted  on  a  Frankford  mount;  The  test 
barrel  was  34  in.  long  and  the  actual  bore  vmu  0,502  in,  in  diameter* 
The  projeotiles  were  standard  0.50  caliber  ball  rounds.  A  0,50  caliber 
ball  round  is  actually  an  ogival  projectile  constructed  of  soft  steel 
with  a  brass  Jacket.  Each  projectile  weighed  699*3  grains, 

Tho  earn*  breeoh  «r.d  bolt  were  used  with  both  barrels.  The  breeoh 
was  screwed  into  the  aft  end  of  the  barrel  and  the  bolt  was  attaohed 
to  the  aft  end  of  the  breeoh.  The  bolt  had  a  solenoid-activated  firing 
pin  whioh  oould  only  be  triggered  from  the  control  room.  Hie  cartridge 
was  attached  to  the  bolt  and  the  assembly  was  then  attached  to  the 
breeoh.  In  order  to  prevent  accidental  discharge  of  the  gun  while 
personnel  remained  in  the  tunnel,  three  switches  had  to  be  activated 
before  the  gun  would  fire.  The  first  owitch  was  on  the  bolt  and  was 
turned  from  the  safe  to  the  armed  position  after  the  bplt  had  been 
placed  in  the  breech.  The  Second  switch  was  located  outside  the  tunnel 
entrance  and  was  activated  by  the  last  man  leaving  the  tunnel.  This 
switch  also  activated  warning  lights  by  the  tunnel  entrance  and  in  the 
control  room.  The  third  switch  was  located  in  the  control  room  and, 
when  activated,  closed  tile  circuit  and  fired  the  gun. 

Between  the  muazle  of  the  gun  and  the  target  were  two  velocity 
screens,  exactly  2  feet  apart.  The  screens  were  constructed  of  paper 


7 


rrrv.i  ”r' 


GA/MC/73-3 


crisscrossed  with  a  continuous  horizontal  strip  of  metallic  paint* 

j  ■■•:  *  i  -  ■•'■  • 

Tho  atrip  was  ^  in.  wide  and  the  separation  between  eaoh  strip  was 
fa  in.  The  paper  was  mounted  between  2  platee  and  a  90  volt  D.C. 


charge  was  applied; across  the  plates  through  the  strip  on  the  paper. 

•  *  "  ,«•  '  .  .*  .  ‘  ‘  ■•  t 

When  the  projectile  passed  through  the  paper*  the  oirouit  was  broken 

and  a  triggering  pulse  was  generated.  The  screens  were  connected  to  -^y  ) 

Beckman  timers  and  the  elapsed  time  between  successive  projectile 

iirpaota  was  measured.  * 

A  single  screen  was  mounted  2  in.  in  front  of  the  target.  The 
pulse  generated  by  the  projectile  passing  through  this  soreen  was  used 
to  trigger  the  sweep  of  the  oaciliosoopes. 

The  target  was  a  rectangular  tank  24  in.  high,  JO  in.  wide,  and 
24  in.  deep.  The  top,  bottom,  and  sides  were  £  in.  steel  plates, 
roinforoed  with  2  bands  of  2  ^  x  1  ^  steel  angle  iron.  The  front  plate 
was  removable  and  was  made  of  -g  in.  2024  aluminum.  The.  plate  was  held  to 
the  tank  with  eighteen  1  t;  in,  "CM  clamps.  Zinc  chromate  was  used  as  a 
sealant  between  the  plate  and  the  tank.  A  4  in.  diameter  hole  was  cut 
in  the  center  of  the  plate  end  a  1 fa  in.  wide  circular  collar  was  used 
to  hold  an  8  mil  sheet  of  plastic  over  the  opening.  Eight  sheet  metal 
screws  attached  the  collar  to  the  plate  and  a  bead  of  zinc  chromate  wAa 
also  used  to  seal  the  collar  t.o  the  plate.  ; 

The  back  plate  was  also  removable  and  was  made  of itt.  2024  •  /o.  ■  . 

aluminum*  This  plate  was  held  to  the  tank  by  twenty-one  1  “  in.  MC" 
clamps.  Zinc  .chromate  was  also  used  as  a  seal  between  the  plate  and 
the  tank.  A  6  in.  square  hole  was  cut  in  the  center  of  the  baqk  plate 
and  an  8  in.  square  plate  of  ip,  2024  aluminum  <  >  mounted  to  the 


,*  i  ■  '*  •' 

(  j  back  plate.  Sixteen  in.  bolts  were  used  to  attach  the  square  to  the 
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Pour  conical  blow-out  plugs  were  placed  in  the  square  plate,  45® 


to  either  side  of  the  vertical  centerline,  and  2.82  in.  from  the 
center  of  the  8  in.,  square  plate.  The  plugs  were  constructed  of  2024 


aluminum  and  were  truncated  cones.  The  conical  taper  of  each  plug  was 


1  3 

30%  the  top  surface  was  £  in.  in  diameter.  Each  was  in.  long  and 


weighed  405  grains.  They  were  sealed  and  held  in  place  against  the 


static  water  pressure  by  0-395  type  aircraft  grease.  Figure  3  shows  a 


side  view  of  the  plugs. 


back  wall 
(exterior) 


Figure  3 


Blow  Out  Plug  (Side  View) 


Pour  Kistler  202A1  pressure  transducers  were  mounted  on  the 
vertical  and  horizontal  centerlines,  2  in.  from  the  center  of  the 
plate.  They  were  threaded  into  the  plate  and  the  pressure  sensing 
faces  of  the  transducers  were  flush  with  the  in3ide  wall  of  the 
square  plate.  This  arrangement  was  chosen  ao  that  at  least  2  gage3 
would  be  close  to  the  projectile  impact  point. 

Two  other  Kistler  202A1  pressure  transducers  were  mounted  inside 
the  tank  by  —  in.  aluminum  tubing  and  fittings.  Both  gages  were 
mounted  so  that  the  pressure  sensing  face  of  the  gage  was  pointed  l8o* 
to  the  path  of  the  projectile  and  on  the  horizontal  centerline. 

These  gages  were  on  opposite  sides  of  the  vertical  centerline,  6  in. 
from  the  projectile  path  and  12  in.  forward  of  the  8  in.  square  plate, 
i.e.,  at  12  in.  from  the  surface  of  entry.  These  gages  were  used 
to  record  the  collapse  of  the  cavity  generated  by  the  passing 
projectile. 


Two  velocity  screens  were  mounted  behind  the  tank.  These  screens 


were  exactly  2  feet  apart  and  the  forward  screen  was  5  «  in*  from  the 

8 

back  face  of  the  8  in,  square  plate.  These  screens  were  used  to 


measure  the  velocity  of  the  blow-out  plugs, 

1  i  i 

A  wooden  catoh  tank,  8  “  ft.  long,  ?  ^  ft,  wide,  and  1  ~  ft. 
deep,  lined  with  a  plastic  sheet,  was  used  to  catch  the  water  spilled 


when  the  target  tank  was  ruptured  by  the  projectile. 


Instrumentation 

Kistler  202A1  pressure  transducers  connected  with  raicrodot 


coaxial  cables  to  Kistler  Model  dual  mode  amplifiers  were  used 
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to  measure  the  pressure.  The  back  plate  was  drilled  and  tapped  and  the 
transducers  were  threaded  into  the  plate.  The  two  transducers  inside 
the  tank  were  mounted  in  an  adapter  used  by  AP  Plight  Dynamics  Lab¬ 
oratory  for  Kiatler  gages. 

All  pressure  data  was  displayed  on  three  Tektronix  5103  N/D12 
dual  beam  oscilloscopes.  Two  pressure  readings  were  displayed  on  each 
scope.  The  scopes  were  triggered  by  a  screen  mounted  2  in.  in 
front  of  the  tank  and  a  single  sweep  was  used.  The  data  was  recorded 
using  Polaroid  type  47  high-speed  film. 

The  signals  generated  by  the  passing  projectiles  on  the  front 
and  rear  velocity  screens  were  recorded  on  two  Beckman  model  7360 A 


universal  timers.  The  passage  of  a  projectile  through  the  first 
velocity  screen  started  the  timer  and  the  passage  through  the  second 
screen  stopped  the  timer.  The  readings  were  in  mioroseconda  and  were 
then  converted  to  feet  per  second. 


GA/MC/7>3 


III .  Ebrperlment.nl  Procedures 

Forty  four  shots  were  fired  during  the  experiment.  The  first 
18  shots  were  fired  to  establish  a  cartridge  loading  procedure  and  to 
establish  a  powder  charge  versus  projectile  velocity  curve.  The  —  in. 
steel  balls  were  loaded  in  a  modified  G.^O  caliber  cartridge  in  the 
following  manner: 

1)  the  primer  charge  was  attached  to  the  cartridge. 

2)  the  powder  for  the  desired  projectile  velocity  was  weighed 
and  poured  into  the  cartridge. 

3)  two  strips  of  teflon  tape,  —  in.  wide  and  2  in.  long, 
were  placed  over  the  end  of  the  cartridge,  the  second  strip  perpen¬ 
dicular  to  the  first. 

h)  the  ^  in.  steel  ball  was  placed  on  the  tape  and  then  rammed 
into  place  snugly  against  the  powder  charge. 

Using  this  technique,  the  toflon  tape  kept  the  bail  snugly  in  place 
and  also  acted  as  wadding  to  prevent  gas  flov/-by  as  the  ball  moved 
out  of  the  cartridge  and  down  the  gun  barrel. 

The  first  series  of  16  test  shots  was  conducted  using  water  as 
the  target  material.  The  projectile  used  for  the  first  13  shots  wan 
the  ~  in.  steel  ball.  The  initial  volocity  was  1000  feet  per  second. 
Succeeding  velocities  were  incrementally  increased  to  a  maximum  of 
3091  feet  per  second.  During  those  shots,  the  recording  equipment 
wan  tuned  and  the  refurbishing  procedures  botween  shots  were  established. 

The  last  3  shots  of  the  first  series  were  conducted  using  standard 
0.50  caliber  projectiles.  The  muzzle  velocity  was  2720_+  50  feet  pm> 


second. 
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The  second  series  consisted  of  10  shots  which  were  fired  into 
a  water/Pneumacel  mixture.  The  projectile  used  in  the  first  5  shots 
was  the  in.  steel  ball.  All  shots  were  conducted  using  a  full 
powder  charge  which  resulted  in  a  projectile  velocity  of  2J90±kO  feet 
per  second.  The  next  5  shots  were  conducted  using  the  standard  0.50 
caliber  projectile.  Again  a  full  powder  charge  was  used  which  resulted 
in  a  projectile  velocity  of  2613+75  feet  per  second. 

The  procedure  for  each  shot  was  as  follows s 

1)  the  cartridge  was  loaded  for  the  velocity  required. 

2)  the  instrumentation  was  turned  on  to  warm  up. 

3)  the  four  blow-out  plugs  were  put  in  place  as  required. 

4)  the  plastic  sheet  covering  the  impact  point  was  replaced. 

5)  the  tank  was  filled  with  water. 

6)  the  front,  rear,  and  triggering  velocity  screens  were 
put  in  place  and  the  circuit  to  each  turned  on. 

7)  one  at  a  time  the  circuit  to  each  of  tho  five  velocity 
screens  (2  in  front,  2  in  the  rear*,  1  triggering)  was  broken  to 
insure  that  the  screen.')  were  functioning  properly. 

8)  the  three  oacilloscopes  were  sob  on  single  sweep  delay. 

9)  the  Polaroid  cameras  were  attached  to  each  oaoilloscope. 

10)  the  Beckman  timers  were  reset  to  zero. 

11)  the  cartridge  was  placed  in  the  remote  firing  bolt,  which 
was  then  secured  to  tho  breech  of  the  teat  gun. 

Ik 


12)  the  switch  on  the  bolt  was  switched  from  safe  to  arrn. 

13)  the  tunnel  was  evacuated  and  the  safety  switch  was 
activated. 

I1*)  the  shutters  of  the  three  cameras  were  opened. 

15)  the  firing  switch  was  activated. 

16)  following  the  shot,  the  safety  switch  was  turned  off, 
the  remote  firing  bolt  was  switched  from  arm  to  safe,  and  the  bolt 
was  removed  from  the  gun  breech. 

17)  the  Polaroid  pictures  were  marked  as  to  shot  number  and 
scope,  and  the  velocity  data  from  the  front  and  rear  screens  was  noted. 

18)  during  the  shots  with  the  Pnoumacol ,  the  pro Jeetil 1 
passage  through  the  Pneumaeel  left,  a  1  ~  in.  hole  which  wan  repacked 
with  Pneumaeel  to  the  same  density  as  the  original  material.  Two  inch 
squares  of  Pneumaeel  wore  cut,  placed  in  the  hole ,  and  pushed  into 
place  . 
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Remis  ts 

Slrtoen  test  shots  wore  oonduotod  during  aeries  1  (water  only). 

No  data  fi'om  shots  numbered  2,  ,: ,  and  9  war#  obtained  booauae  of  faulty 
triggering  of  the  oecillosoopos.  The  datr  for  the  1}  Buccensful 
shots  were  displayed  on  throe  dual  beam  oscilloscopes  and  war# 
recorded  on  Polaroid  photographs  as  shown  in  Figure  4.  Tlva  tmoaa 
run  from  left  to  right.  Positive  pressure  is  read  below  the  aero 
reference  line.  The  time  reference  is  fi'om  the  passage  of  the  pro** 
jectile  through  the  velooity  screen  located  2  in.  in  front  of  the  tank 
entry  point.  At  a  muzzle  velocity  of  2700  ft/eeo,  the  time  between 
passage  of  the  projectile  through  the  velocity  scroon  and  target  impact 
is  0.06l  milliseconds.  One  large  division  on  the  Polaroid  photograph 
is  equal  to  1  cm.  The  Polaioid  photographs  for  the  1?  auooesuful 
shots  in  scries  1  are  shown  in  Figures  15-27  in  Appendix  C. 

Tabulation  of  the  projectile  velocity,  back  wall  impact  time, 
peak  pressure  at  the  back  wall,  and  peak  pressure  generated  by  the 
cavity  collapse  for  series  1  is  shown  in  Table  1.  The  back  wall  impaot 
time  was  obtained  from  the  Polaroid  scope  pictures.  The  traces  show 
an  increasing  positive  pressure  followed  by  a  series  of  positive  and 
negative  pi'essure  spikos  around  the  zero  pressure  reference  line.  .  It 
was  assumed  that  the  return  of  the  trace  to  the  zero  reference  line 
and  the  positive/negative  spikes  were  cpnsed  by  the  projectile  impact¬ 
ing  the  back  -  all  causing  the  gages  in  the  wall  to  "ring. "  The  impact 
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Figure  4  \ 

Scope  picture*  Series  1,  Part.  1,  Shot  8 


Shot’  ft , 


ttofles  1  &  2*  8  mwe/cw 

I  lCki'-pl'l/ClR 


Gages  3  k  4,  0.8  msec/cw 
100  psl/cni 


Gages  5  &  6,  0.8  insec/cm 
100  psl/cn) 


Projectile  velocity- 
2296  fps 
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time  waa  taken  aa  fchv  interval  f?vm  the  start  of  the  trace  to  $h© 
y*int  where  the  brace  began  to  return  to  the  aero  reference  Urn. 

The  Impact  Wme«  for  the  apherieai  projectiles  dKmn«  at  velocity 
increases,  However,  the  impact  time  for  the  ogival  projectile*  la 

.  j .  • 

approaimately  ^  the  time  for  the  spherical  projectile*  fired  at  the 
taro*  velooity.  The  ogival  projectile*  have  the  eawe  eross-oeobional 
diameter  a# the  epherioal  projeetii**»  but  they  have  5,5  times  the 
maae  {and  thue  5*5  timee  the  kinetic  energy  at  the  seme  velocity). 

If  the  ogival  projectile  did  not  tumble,  the  larger  kin>tic  energy 
and  momentum  of  the  ogival  projectile  coupled  with  mi  equivalent 
drag  for  both  projectileo  would  result  in  loua  deceleration  for  the 
ogival  projectile  and  u  consequent  lower  back  wall  impact  time. 

However,  as  la  shown  later*  the  ogival  projectile  does  tumble,  pro- 

* 

aonting  a  larger  area  to  the  fluid,  Because  this  inoreane  in  area 
results  in  an  increase  in  drag,  the  impact  time  should  be  higher  than 
it  la,  unless  the  tumbling  does  net  occur  until  the  projectile  la 
almost  through  the  tank.  As  is  indicated  in  the  subsequent.  Discussion 
section,  this  ia  the  ossa.  Peak  pressure  in  the  fluid  at  the  bade 
wall  wan  tokeu  from  the  Polaroid  piotures  of  gages  5,  4,  5,  and  6. 
the  time  scale  io  very  email  (0.5  mseo/om)  so  that  the  pressure  build 
up  on  the  hack  wall  oould  bo  seen*  The, peak  proa sure  generated  by  the 
cavity  collapse  was  taken  from  the  Polaroid  pictures  of  gages  1  and  2, 
The  time  scale  for  these  gages  was  larger  than  that  for  gages  J-6  in 
order  to  insure  the  recording  of  the  cavity  collapse /  Hbwever,  the 
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Mm  aealv  vaa  etiU  only  Smaoe/om.  The  pressure  at  gage* X  *U  u 
dutt  to  the  paneint  prejeotite  (not  tabulated)  wont  in  good  agreement 
with  the  peak  pressure  at  the  baok  wall, 

Ton  tu«t  shots  were  conducted  during  derive  2  (mter/Pnoumaoel). 
The  Polaroid  photographs  for  the  10  oh^t#  ere  shown  in  Nguiei*  28-57 
in  Appendix  0,  Tabulation  of  the  projeotiie  imooot  velooity,  baok 
w*U  impact  time,  peek  pressure  in  the  fluid  nt  the  baok  wall,  and 
peak  pressure  generated  by  the  cavity  oollnpuc  for  uerleo  0  la  shown 
In  Table  II, 

Series  1.  The  firot  13  nhota  of  series  1  wore  conducted  pains 
in.  eteel  apherea  as  projectiles,  Projeotiie  velocity  was  pro- 
gi'eoaivsly  increased  from  1000  ft/sso  to  ;w$a  ft/uuo.  A  g^\ph  of’  the 
peak  preaaxu'o  at  the  wall  versus  projectile  velooity  la  shown  in 
Figure  5.  The  10  shots  On  which  data  ware  successfully  collected 
ohow  an  increase  in  peak  pressure  at  the  back  wall  &»  velocity  in¬ 
creases,  a  reduction  in  the  baok  wall  impact  time,  and  an  almost  con- 
etant  cavity  collapse  pressure.  As  oan  be  seen  from  Figure  5,  a  fair 
correlation  exists  between  the  peak  pressure  at  the  back  mil  and  the 
experimental  data  obtained  by  Clark  (Ref  3),  The  difference  in  data 
might  be  due  to  the  fact  that  the  gages  in  this  study  were  mounted  in 
the  baok  wall  (i.e.,  2  ft.  from  the  impact  point)  and  were  only  2  in. 
from  0 enterline.  The  gage  used  by  Clark  from  which  the  w  U  in  Figure  5 
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was  obtained  was  8.7  in.  from  centerline  but  was  only  9  in.  from  the 
impact  point.  If  the  spherical  projectile  had  moved  with  a  constant 
velocity  through  the  tank,  at  an  impact  velocity  of  1000  ft/sec, 
back  wall  impact  should  have  occurred  at  2.0  msec.  In  fact,  back 
vail  impact  occurred  at  5-8  msec  for  an  impact  velocity  of  1000 
ft/sec.  Thus,  the  spherical  projectile  slowed  appreciatively  during 
its  passage  through  the  tank,  and  a  pressure  gage  located  near  the 
impact  point  should  read  a  higher  pressure  than  one  farther  away. 

This  is  also  verified  by  Clark's  data.  The  pressure  reading  from  the 
gages  located  even  closer  to  the  impact  point  are  higher  than  the 
gage  used  for  comparative  purposes.  This  gage  was  selected  because 
it  was  the  closest  to  the  back  wall.  However,  as  can  be  seen  on 
Figure  5,  the  pressure  generated  by  the  cavity  collapse  is  independent 
of  velocity.  It  might  bo  assumed  that  since  the  pressure  at  the  back 
wall  increases  with  velocity  and  the  pressure  generated  by  the  collapse 
of  the  cavity  remains  constant  at  a  much  lower. value,  the  damage 
causing  mechanism  is, the  initial  .pressure  wave.  In  the  case  of 
spherical .projectiles  this. is. the  case.  The  separation  of  the  flow 
caused  by  the  passage  of  the  sphere  through  the  fluid  is  minimal  and 
the  cavity  which  is  created  by  this  separation  is  small.  Thus,  the 
collapse  of  this  cavity  creates  a  weak  pressure  field. 

The  second  set  of  shots  in  series  1,  a  total  of  three,  was  con¬ 
ducted  using  0.50  caliber  ogival  projectiles.  The  projectiles  had 
about  5.5  times  the  mass  of  the  steel  balls.  For  the  same  impact 
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velocity,  the  peak  pressure  at  the  wall  was  about  four  times  the 
peak  pressure  generated  the  steel  balls  moving  through  Idle  fluid. 

, However,  the  pressure  generated  by  .the  collapse  of  ^  ^ 

approximate!^  500  psi,  or  25  times  the  cavity  collapse  pressure  ' 
generated:  by  the-a.tesl  bal^S:. 

\A  large  cavity  was  oreated  because  as  the  projectile  moved  through 
the  fluid  it  tumbled,  presenting  a  larger  SUrfaoe  area  to  the  fluid. 

The  tumbling  of  the  projectile  can  be  seen  in  Figures  6-9.  These 
stills  were  obtained  from  a  high  speed  film  taken,  by  the  Air  Force 
Flight  Dynamics  Laboratory  (AFPDL)  on  3  June  1970.  The  film  was  taken 
during  a  test  conducted  by  APFDL  in  which  0.50  caliber  ogival  pro¬ 
jectiles  were  shot  into  a  2  ft  test  cube  filled  with  water.  The  pro¬ 
jectile  impact  velocity  was  2686  ft/sec  and  it  impacted  the  tank 
perpendicular  to  the  front  face.  In  Figure  6,  the  projectile  is  1  ft, 
into  the  tank.  Figure  7  shows  the  projectile  approximately  l4  in. 
into  the  tank  and  just  beginning  to  tumble. 


Test  Tank  Test  Tank 


As  can  be  seen  in  Figure  8,  the  projectile  is  15  in.  into  the  tank  $nd 
has  now  tumbled  90°.  Note  the  large  cavity  behind  the  projectile. 
Figure  9  shows  that  the  projectile  is;- now  17 >1**.  dbito  the^tank  hut 
that  it  is  still  rotated  90°.  The  cavity  has  grown  larger  still,.. 


Figure  8,  Ogival  Projectile  in 
Test  Tank 


Figure  9»  Ogival  Projectile  in 
Test  Tank 


During  every  shot  conducted  in  this  te3t,  a  large  cavity  was  created 
when  the  projectile  tumbled.  On  only  one  of  the  nine  shots  conducted, 
the  projectile  failed  to  tumble.  In  that  case,  the  cavity  which  was 
created  was  very  small  (Ref  9). 

Thus  it  was  assumed  that  the  projectile  tumbled  during  the  second 
set  of  shots  in  series  1,  and  that  this  tumbling  created  the  large 
cavity3  the  collapse  of  which  was  recorded  on  gages  1  and  2. 

Visual  observations  of  the  target  during  inqpact  by  the  0.50  caliber 
ogival  projectiles  showed  that  the  plastic  covering  the  J  in,  impact 
hole  was  blown  out  and  water  was  blown  out  of  the  hole  with  sufficient 
force  to  spray  it  12-15  feet  up  the  tunnel.  No  such  effect  was  noted 
during  the  tests  using  h  in.  spheres  as  projectiles. 


Series  2.  The  first  set  of  5  shots  in  series  2  (water/Pneumaeel)  were  j 

conducted  using  in.  steel  spheres  as  projectiles.  Because  the  higher  ''"  v,.:  i 

peak  pressures  were  recorded  during  part  1  of  series  1  only  at  the 

. 

•  ■  ‘  -  i  i 

higher  velocities,  all  5  shots  were  conducted  at  nominal  muzzle  veloci- 

:s  ’ 

ties  of  2700  ft/sec.  Higher  pressures  were  desired  during  series  2  so 

that  any  possible  attenuation  effects  of  Pneumacel  might  be  observed. 

A  comparison  of  the  peak  pressures  during  this  test  and  the  peak  j 

pressures  obtained  by  Clark  (Ref  3)  is  shown  in  Figure  10.  There  was  ,1 

•  ■  :i 

no  measurable  pressure  field  generated  by  the  collapse.  of  the  cavity.  j 

i 

Because  the  only  difference  between  the  first  sets  of  series  l  and  j 

series  2  was  the  inclusion  of  Pneumacel  in  the  test  tank,  either  j 

the  Pneumacel  prevented  the  formation  of  the  cavity  or  completely 
attenuated  the  pressure  field  generated  by  the  cavity. 

The  next  set  of  5  shots  in  series  2  was  conducted  using  0.50 
caliber  ogival  projectiles  fired  at  full  muzzle  velocity  (2650  ft/aec 
nominally).  There  was  no  pressure  measured  at  the  back  wall  prior  to 

» 

f 

the  time  the  projectile  impacted  the  back  wall.  And  while  there  was  ! 

i 

a  pressure  field  generated  by  the  cavity  collapse,  it  was  only  20-30 

.  ! 
pai,  compared  with  500  psi  without  the  Pneumacel  present.  j 

During  set  2  of  series  1,  the  cavity  collapse  pressure  blew  out 
the  plastic  covering  of  the  impact  hole..  In  the  experiments  with  a 
Pneumacel  filled  tank,  the  plastic  remained  intact  except  for  the 
hole  made  by  the  projectile  entering  the  tank  and  there  was  no  water 
blown  up  the  tunnel.  These  observations  are  taken  as  fux*ther  con¬ 
firmation  of  the  fact  that  the  Pneumacel  significantly  reduced  the 
hydraulic  ram  effect. 
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Figure  10,  Inroact  Velocity  vs  Pressure 
(Series  2,  Spherical  Projectiles) 
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General.  Most  of  the  analytical  work  performed  on  the  hydraulic  ram 
effect,  Scaberg  and  Bristow  (Ref  6)  and  Alverson  (Ref  l)  for  example, 
has  focused  on  the  pressure  wave  generated  by  the  projectile  moving 
through  the  fluid.  This  was  assumed  to  be  the  major  contributor  to 
massive  fuel  cell  failures.  Alverson  (Ref  1)  analyzed  the  hydraulic 
ram  phenomenon  by  examining  the  kinetic  energy  of  the  projectiles. 

Shape  was  unimportant.  The  higher  the  kinetic  energy  of  the  projectile 
is,  the  higher  the  energy  transferred  to  the  fluid  ana  the  greater  the 
damage  to  the  tank.  As  a  result,  experiments  have  been  conducted 
using  high-velocity  spherical  projectiles.  Spheres  do  not  tumble  as 
they  pass  through  the  fluid  so  the  flight  path  can  be  fairly  accur¬ 
ately  estimated.  A  pressure ■ wave  was  generated  by  the  sphere  passing 
through  the  fluid  and  the  experimental  data  and  the  analytical  results, 
such  as  those  obtained  by  Clark  (Ref  5),  were  in  agreement.  The 
cavity  created  behind  the  sphere  was  small  and  the  pressure  wave 
generated  by  the  collapse  of  the  cavity  waa  significantly  smaller 
than  the  original  wave.  Thus  the  second  wave  was  neglected  when  fuel 
cell  damage  waa  analyzed.  However,  the  tests  conducted  during  this 
experiment  showed  that  the  pressure  generated  by  the  collapse  of  the 
cavity  was  approximately  of  the  same  magnitude  as  the  first  pressure 
wave  gonerated  by  the  projeatile.  The  cavity  collapse  is  also  highly 
directional  along  the  path  of  the  projectile.  As  can  be  seen  in 
Figures  11  and  12,  the  cavity  following  the  projootile  collapses  not 
only  inward  but  also  along  the  pixijectilo  l ino-of -flight  in  the 
direction  the  projectile  moved. 
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The  results  of  this  test  suggest  that  when  a  full  tank  is  struck 
by  a  high-velocity  ogival  projectile,  the  following  sequence  of 
events  takes  place.  The  projectile  passes  through  the  tank  creating 
two  "small"  holes;  one  on  entry  and  one  on  exit.  As  the  projectile 
moves  through  the  tank  it  creates  a  large  Initial  pressure  wave  in 
front  of  the  projectile.  Thi3  wave  strikes  the  rear  wall,  but  the 
wall  can  withstand  the  pressure  because  it  is  still  intact.  A"  the 
projectile  moves  through  the  fluid,  it  also  creates  a  cavity  behind 
the  projectile.  This  cavity  expands  and  then  collapses,  generating 
a  pressure  wave  as  large  as  the  initial  pressure  wave.  However,  by 
this  time  the  projectile  has  passed  through  the  rear  wall.  There  is 
a  flaw  in  the  wall  and  it  is  at  this  flaw  that  the  cavity  collapse 
pressure  field  is  directed.  And  this  is  the  puir.t  at  which  the  massive 
damage  is  done  to  the  tank.  This  sequence  suggests  a  couple  of  areas 


Figure  11,  Cavity  Created 
by  Ogival  Projectile 


Figure  13.  C-ollftpce  of  Cavity 
Created  by  Ogival  Projectile 
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In  which  future  work  could  be  perfoitned.  The  ogival  projectiles  Uflod 
in  this  study  did  not  tumble  until  they  were  approximately  ^  way  through 
the  tank  (l  ft.  from  impact  point),  Sinoe  projectile  tumbling  in 
important  to  roa salve  fuel  cell  damage,  it  would  bo  desirable  to  have 
the  projectile  tumble  as  soon  as  posoihlo*  An  invar ti Ration  of  the  aiae» 
shape,  and  angle  of  impact  for  various  projectiles  and  the  effect  of 
these  variables  on  the  initiation  of  tumbling  could  lead  to  development 
of  projectiles  with  a  higher  kill  rate  than  those  presently  used.  Also, 
beaause  tumbling  is  a  factor,  fuel  cell  geometry  could  play  an  important 
role  in  reducing  massive  damage.  If  a  certain  distance  ia  required  for 
a  projectile  to  begin  tumbling  once  it  impacts  a  tank,  fuel  tanka  could 
be  designed  such  that  this  critical  distance  cculd  never  be  obtained 
by  a  projectile. 
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V.  AM 

Smtestem 

X ,  While  the  data  for  thl®  teat  was  limited,  it  oonfirma  CUrt:*# 
test*  with  r> -bores  and  extends  that  work  through  the  use  of  ogival 
projectiles. 

9.  A  siaaII  amount  of  gni*  in  a  fuoi-foAm  edxture  AignifiQAntly 
reduces  the  peak  pressure  measured  At  the  back  wail  gonemtsd  by  the 
passage  of  the  projectile  through  the  fluid. 

3.  A  a  mu  11  amount  of  gati  in  a  fuel-foam  mixture  ftlfto  either  reduces 
the  else  of  the  oavity  oro<%W  by  the  pAasage  of  the  projectile  through 
the  fluid,  or  reduces  the  pressure  generated  by  the  oollapue  of  the 
oavity. 

t.  The  uae  of  spheres  as  projectiles  in  studying  the  hydraulic  ram 
off oo t  is  ineffective  because  little  if  any  oavity  ooUapoo  pressure  la 
gemoratod. 

5.  The  preaoure  field  created  by  the  oollapao  of  the  oavity 
created  by  tho  pnaaago  of  the  ogival  projectile  through  the  fluid  is  the 
major  cause  of  massive  full  fuel  coll  damage. 


*eommendsi 


1.  Only  ogival  projectiles  should  bo  used  in  studying  the 
attenuation  of  the  hydraulic  wua  -<tt. 

8,  'feats  should  bo  conducted  using  thin  walled  fuel  cells* 


3,  A  foam  should  be  designed  which  will  combine  the  shook  , 

j  • 

attenuation  effects  of  a  gas-filled  fiber  with  \tho  flame  suppressing 
characteristics  of  rutioxiUvted  polyurethane  foam. 
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Pneumac.el 
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Pneumacel,  shown  in  Figure  26,'  is  a  Du 


Pont  product  presently 


manufactured  conrnercially  as  a  carpet  padding.  The  term  "pneumacel” 


is  not  a  trademark;  it  is  a  generic  designation  for  materials  made  of 
permanently  pressurized  cellular  fibers.  The  word  "pneumacel"  is 
defined  as:  A  resilient,  pneumatic,,  strand,  sheet,  or  cushion  composed 
of  a  cellular  polymer  structure  having  predominantly  closed  cell3  that 
are  inflated  to  higher  than  surrounding  pressure  with  two  or  more 
gases,  one  of  which  is  essentially  impermeable  to  the  cell  walls 
(Ref  10). 

A  supply  of  Du  Pont  Pneumacel,  Lansdowne  Model  5000*  was  made 
available  for  this  study  by  Dr.  Bernard  Lavery,  Christina  Laboratory, 

Du  Pont  Corn. ,  Wilmington,  Delaware,  1989S.  The  following  information 
was  al3o  provided  by  Dr.  Lavery  (Ref  *0. 

Mat  Characteristics 


Randomly  oriented,  thermoplastically  bonded 
Pneumacel  fibers. 

Density:  approximately  1,5  Ib/cu  ft. 
Thickness:  approximately  0.475  in. 

Fiber  Characteristics 


Small,  uniform,  polyhedral  cells  (Fig  2?). 


Thin,  highly  oriented  cell  walls. 

Chemical  properties:  "Dacron"  polyester  fiber 
inflated  with  a  i'luorinated  hydrocarbon  blowing 
agent. 

* 

Density:  approximately  0.025  gm/cu  cm,  12%  of  the  weight 
is  inf latent. 
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Figure  13 
Pneumacel 
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Figure  u 

Crpss-segtien  photoiaicrograph  pf  Pneumagel 
(.magnified  4000  times  ) 
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Appendix  B 


Blow  Out  Plugs 


Four  blow  out  plugs  were  placed  in  "the  back  wall  of  the  target 
tank  in  an  attempt  to  determine  if  the  momentum  of  the  plug3  after 
being  blown  out  could  be  related  to  the  strength  of  the  driving 
force,  a  shock  wave  in  this  case.  If  a  relationship  could  be  deter¬ 
mined,  this  technique  could  then  be  used  in  future  tests.  Rather  than 
placing  expensive  pressure  transducers  near  the  expected  projectile 

impact  point  with  a  good  chance  of  the  transducer  being  struck  and 

* 

destroyed,  the  blow  out  plugs  could  be  used  to  determine  the  shock 
strength. 

The  plugs  were  constructed  of  2024  aluminum  to  reduce  the  mass. 
They  were  constructed  in  the  shape  of  truncated  cones  so  that  if  they 
rolled  on  exit  there  would  be  no  binding.  Two  velocity  screens 
were  used  to  measure  the  plug*  s  velocity.  High  speed  photography 
would  have  been  preferable  to  determine  plug  velocity,  tut  it  was 
unavailable  at  the  time  due  to  priority  mission  requirements. 

Initially,  the  plugs  were  placed  in  the  back  plate  and  were 
sealed  with  zinc  chromate.  In  order  to  hold  the  plug  in  place,  a 
strip  of  masking  tape  was  placed  over  the  plug  end.  This  procedure 
was  unacceptable  because  the  seal  was  poor  and  the  tape  held  the  plug 
so  firmly  in  place  nothing  was  happening. 

The  plugs  were  then  sealed  with  a  film  of  aircraft  grease.  The 
grease  provided  a  watertight  seal  and  enough  surface  tension  to 
hold  the  plugs  in  place  against  the  water  static  pressure  head. 


However,  when  the  shock  hit  the  plug, 


it  was  blown  out  as  desired. 


Velocity  data  on  the  plugs  ms  obtained  only  during  the  last  4 
shots  in  Series  1.  The  four  velocities  were:  29  fps,  82  fps,  2 fps, 
187  fps.  During  shot  15  when  the  2J>6  fps  velocity  was  recorded  it  was 
later ‘determined  that  the  projectile  had  lodged  sidewise  across  the 
hole  in  the  back  plate  in  which  the  blow  out  plug  had  been  resting. 

Thus  it  was  a  little  more  than  a  shock  wave  that  drove  the  plug  out 
of  the  hole. 

To  determine  the  force  the  following  equations  were  used: 

V2  =  2  a  S 


P 


and 

M  a 
A 


where  V  i3  plug  velocity 

S  is  distance  plug  moved  while  force  was  applied  (5/4  in. ) 
M  is  plug  mass  (4op  grains) 


A  is  surface  area  over  which  the  pres. sure  acts  (l/lo-n'sq. 


Using,  P 


M  V2 
2AS 


in. ) 


the  pressures  determined  for  the  various  plug  velocities  were: 

Table  III 

Computed  and  Actual  Pressure 
During  Blow  Out  Plug  Test 


Shot  No. 

Velocity 

Computed 

Pressure 

Actual 

Pressure 

( psi  ) 

(psi) 

15 

29 

60 

150 

14 

82 

482. 

630 

15 

236 

3994 

590 

16 

187 

2509 

800 

34 
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The  data  appears  close  bo  the  actual  value  in  some  cases  and 
completely  wrong  in  others.  This  is  due  to  the  fact  that  if  the  pro¬ 
jectile  hits  on,  or  very  close  to,  the  plug  it  is  not  only  the  pressure 
wave  that  drivc3  out  the  plug  but  also  the  actual  impact  of  the  pro¬ 
jectile.  This  test  resulted  in  little  usable  data. 

If  the  velocity  of  the  plugs  could  be  determined  from  high  speed 
photography,  more  accurate  data  should  be  obtained.  A.  plug  could  be 
selected  on  the  film  which  was  not  near  the  impact  point  and  was 
thus  accelerated  sin-ply  by  the  pressure  wave.  Further  study  of  this 
data  gathering  method  should  re  accomplished. 
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Appendix  C 

Oscilloscope  Pictures 
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The  Polaroid  photoglyphs  of  the  pressure  traces  for  hll  successful 
tests  follow*  Figures  15  ~  27  ar®  for  series  1  (water  only)  and 
Figures  28  -  37  are  for  series  2  ( wat er/Pneumac el ) . 

All  traces  run,. from  left  to  right.  Positive  pressure  is  read 
below  the  zero  reference  line.  The  time  reference  is  from  the  passage 
of  the  projectile  through  the  triggering  screen  located  2  in.  in  front 
of  the  tank.  One  large  division  on  a  photograph  is  equal  to  1  era. 
Gages  1  and  2  were  located  inside  the  tank.  Gages  3,  4,  5,  and  6 
were  located  in  the  back  wall  of  the  tank  near  the  projectile  impact 
point. 
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Scope  picture,  Series  1,  Part  1,  Shot  3 
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Scope  picture,  Series  1,  Part  ),  Shot  6 
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Scope  picture,  Series  2,  Part  1,  Shot  4A 
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Scope  picture,  Series  2,  Part  2,  Shot  6A 
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Scope  picture,  ff,.rie$  2,  Part  ?.,  Shot  9A 
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Scope  picture,  Series  2,  Part  2,  Shot  10A 
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